A series of ordered periodic mesoporous organosilicas (PMOs) with cubic and hexagonal symmetries were fabricated by using divalent surfactants [CH 3 (CH 2 ) 15 NMe 2 (CH 2 ) 3 NMe 3 ] 2+ 2Br − (C 16-3-1 ) or binary surfactant mixtures [CH 3 (CH 2 ) 15 NMe 3 ] + Br − (C 16 TABr) and C 16-3-1 as structure-directing agents (SDAs) and 1,2-bis(triethoxysilyl)ethane (BTEE) as an organosilica source under various basic conditions. The shape/structure of surfactant, molar ratio of binary surfactant mixtures, and base concentration crucially affect the formation of distinct mesophases. Face-centered cubic Fm3m mesoporous organosilicas can be obtained by using various concentrations of divalent surfactant C 16-3-1 or equimolar mixtures of divalent and monocationic surfactants as SDAs under basic conditions. Cubic Pm3n or 2D hexagonal p6mm mesophases can be synthesized by changing the molar ratio of the binary surfactant mixtures or the amount of the base NaOH. Use of monocationic C 16 TABr instead of C 16-3-1 as template produced the hexagonal p6mm mesophase exclusively independent of the amount of the surfactant and the base. In addition, use of trimethylbenzene as expander molecule in the aforementioned binary surfactant template system caused a mesophase transformation from cubic Pm3n to p6mm symmetry. All samples were characterized by powder X-ray diffraction (PXRD) analysis and N 2 physisorption. The formation of face-centered cubic Fm3m, primary cubic Pm3n, and hexagonal p6mm PMOs was also confirmed by transmission electron microscopy (TEM), revealing a good long-range ordering with regular arrays. Moreover, variation of the synthesis parameters resulted in a variety of different PMO morphologies, as ascertained by scanning electron microscopy (SEM). FT-IR and solid-state 13 C and 29 Si NMR spectroscopy further revealed that the organic groups were uniformly incorporated into the framework. The various BET surface areas of the PMOs range from 470 to 780 m 2 g −1 , while the pore diameters lie within a 26 to 30Å range, as derived from N 2 physisorption.
Introduction
Periodic mesoporous organosilicas (PMOs), featuring (metal)organic groups covalently incorporated into the inorganic framework [1 -4] , have attracted considerable attention for applications in optics, separation, and catalysis due to uniform distribution of the (metal)organic functionalities [5 -15] . Cationic [1 -4, 6 -11, 16 -27] , anionic [28, 29] , as well as neutral surfactants [30] , and various commercially available block copolymers [6, 8, 9, 12, 13, 27, 31 -42] have 0932-0776 / 09 / 1100-1289 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com been used as structure-directing agents (SDAs) under basic or acidic conditions to fabricate mesoporous organosilicas with 2D hexagonal p6mm [1 -4, 17 -26, 31 -36, 39, 40] , 3D hexagonal P6 3 /mmc [1, 20] , 3D cubic Pm3n [16, 21, 23, 28, 29] , Im3m [27, 33, 38] , Fm3m [37, 41] , and Ia3d [42] symmetry. Although these organic-inorganic hybrid materials developed rapidly due to the commercial availability of surfactants as supramolecular templates and various (functional) organosilanes [2 -4, 17, 18, 22, 43 -58] , binary surfactant mixtures or tailor-made surfactants were The ratio of binary surfactant, C 16-3-1 and C 16 TABr, corresponding to 1 mol BTEE; b the molar ratio of NaOH to H 2 O, corresponding to 1 mol BTEE; c specific BET surface area; d BJH desorption cumulative pore volume of pores between d P = 15Å and 200Å; all samples were pretreated at 250 • C in vacuo until the pressure was < 10 −3 Torr; e pore diameter according to the maximum of the BJH pore size distribution calculated from the adsorption branch; f pore diameter according to the maximum of the BJH pore size distribution calculated from the desorption branch; g materials 11 and 12 were obtained with TMB as expander molecules, the molar ratio of TMB and BTEE was 1.0 and 1.5, respectively. almost neglected [59 -61] . Recently, we reported on the synthesis and characterization of face-centered cubic Fm3m PMOs by using divalent surfactant C 16-3-1 as an SDA under basic conditions [62, 63] . In this contribution, we wish to report the use of the divalent surfactant C 16-3-1 or binary surfactants (mixtures of C 16-3-1 and C 16 TABr with different molar ratios) as SDAs for controlling the formation of a series of highly ordered periodic mesoporous organosilicas in basic media. It will be shown that not only the surfactant type and binary surfactant molar ratio but also the base concentration and the presence of molecular expander molecules govern the formation of distinct mesophases.
Results and Discussion

PMO formation from either divalent or monocationic surfactant
Four PMO materials (1 -4) were obtained by using different amounts of divalent surfactant C 16-3-1 as an SDA and BTEE as an organosilica source under slightly differing basic conditions ( Table 1) . The as-synthesized organosilicas show a cubic structure, as demonstrated by powder X-ray diffraction analysis (not shown). After removal of the surfactant, the peak intensity of the corresponding material increased (Fig. 1) . Four well-resolved diffraction peaks are observed in the range of 1 < 2θ < 4 • , that are indexed as (111), (200), (220), and (311) reflections. These patterns are in good accordance with als 2 -4 obtained with lower surfactant concentration showed the diffraction peaks shifted to lower 2θ angles, however, the cubic mesophase was preserved. For comparison, using C 16 TABr as an SDA under otherwise same synthesis conditions gave materials 5 -7 with hexagonal p6mm symmetry. Their mesophase was also confirmed by powder X-ray diffraction analysis, as shown in Fig. 2 [71] , and FDU-1 type [72] , gave further evidence of the purity of the cubic PMO materials with Fm3m symmetry. In addition, the "twinned" hexagonal-close-packed structure can also be ruled out, since the Fourier diffractograms corresponding to the images taken along [110] show no stacking faults and no streaking effects [69 -71] . These results are in agreement with those of recently reported PMOs with space group Fm3m [62, 63] . However, the cubic Fm3m PMO obtained by using F127 as an SDA under acidic conditions indicated a remarkable intergrowth phenomenon [41] . For the hexagonal PMO 6, TEM images along the direction of the pore axis and the direction perpendicular to the pore axis indicated good long-range ordering, revealing nice views of the channels and line arrays, respectively (Fig. 4) .
The N 2 adsorption-desorption isotherms of materials 1 -4 are of type IV with H2 hysteresis loops (Fig. 5, left). However, the shape of the isotherm is not completely similar to that of previously reported purely siliceous mesoporous materials KIT-5 [64, 65] . This is probably due to the fact that materials 1 -4 feature small unit cell parameters (∼ 88 -89Å, calculated from a = d 111 (3) 1/2 ) and small pore sizes (∼ 30Å). With a decrease of the divalent surfactant concentration, the BET surface area and pore volume generally increased, while the pore size distributions did not significantly change (Fig. 5 , right). However, materials 5 -7 obtained from C 16 TABr as an SDA, exhibited type IV isotherms without hysteresis loops ( Fig. 2 , right), a narrow BJH (Barret Joyner Halenda) pore size distribution, overall smaller pores ( Fig. 2 , right, inset), and larger BET surface areas as compared to materials 1 -4. These findings implicate that divalent surfactants can considerably enlarge the pore diameter of PMOs compared to commercially available quaternary hexadecyltrimethylammonium bromide salt surfactants.
PMO mesophase control via mixtures of divalent surfactant C 16-3-1 and C 16 TABr as SDAs
Using the same synthesis procedure, equimolar or unequimolar mixtures of the divalent surfactant C 16-3-1 and C 16 TABr as SDAs produced materials 8 -10. When the total molar concentration of an equimolar binary surfactant mixture is 0.91 corresponding to 1 mol BTEE, material 8 with a face-centered cubic Fm3m symmetry is obtained, as demonstrated by powder X-ray diffraction (Fig. 6, left) . Four well-resolved peaks were observed, which are indexed as (111), (200), (220), and (311) reflections, respectively. The ratios of different lattice d spacings from XRD patterns are in good agreement with the result of geometry calculations, corroborating the face-centered cubic structure of material 8. Keeping the total binary surfactant concentration constant, a molar ratio of C 16-3-1 to C 16 TABr of 0.25 gave material 9 displaying a cubic mesophase with Pm3n symmetry (Fig. 6, left) . Three well-resolved peaks indexed as (200), (210), and (211) reflections are clearly observed, similar to those of previously reported mesoporous silicas [73, 74] or periodic mesoporous organosilicas [16, 23] . The cell parameter for solvent-extracted material 9 is about 110Å. This result manifests that alteration of the molar ratio of the binary surfactant leads to the formation of periodic mesoporous organosilicas with different symmetry. This change of mesophases was also revealed by TEM analysis. Representative TEM images for PMOs 8 and 9 are shown in Figs. 7 and 8, respectively. Under the same synthesis conditions, however, the increase of base concentration results in the formation of hexagonal mesoporous organosilica 10. Its PXRD pattern shows only one diffraction peak indexed as (100) reflection (Fig. 6, left) . N 2 adsorption-desorption isotherms for materials 8 -10 are of type IV without hysteresis loop (Fig. 6,  right) . The molar ratio of C 16-3-1 /C 16 TABr and the base concentration also affect the BET surface area ranging from 780 m 2 g −1 (9) to 470 m 2 g −1 (10) . Material 9 has a larger pore volume (0.64 cm 3 g −1 ) compared to materials 8 (0.54 cm 3 g −1 ) and 10 (0.34 cm 3 g −1 ). Materials 8 -10 display a narrow pore size distribution with the maxima centered at 30, 30, and 26Å, respectively (Fig. 6 , right).
C CP MAS and 29 Si MAS NMR studies
The 13 C cross-polarization (CP) MAS NMR spectrum of the solvent-extracted PMO material 2 shows a strong signal at 5.4 ppm (Fig. 9, left) , confirming the bridging ethylene groups as the exclusive organic functionality, that is, a uniform SiO 1.5 -CH 2 -CH 2 -SiO 1.5 Fig. 9 . 13 C CP MAS NMR (left) and 29 Si MAS NMR spectra (right) for the solvent-extracted PMO material 2.
structural unit. Carbon signals assignable to surfactant molecules were not observed indicative of their complete removal from the mesoporous organosilicas. IR spectra also demonstrated this result, as for solventextracted PMO 2 the framework vibrations typical of these materials are displayed, comprising (i) Si-C stretching modes at 1270 cm −1 , (ii) a broad absorption band at 1000 -1200 cm −1 indicative of Si-O-Si siloxane bonds, and (iii) bands at 770 and 720 cm −1 attributable to the symmetric Si-O stretching vibration are displayed.
The 29 Si MAS NMR spectra of the surfactant-free PMO 2 displayed two peaks at −57 and −67 ppm (Fig. 9, right 4 −n ] species revealed complete cross-linking via covalent Si-C bonds. This finding is in accordance with the framework structure of ethylene-silica materials synthesized in the presence of cationic quaternary ammonium surfactants [1, 16, 21, 23] or neutral alkylamine templates [30] , corroborating that carbon-silicon bond cleavage does not occur during the basic hydrothermal treatment of precursors BTEE or in the process of surfactant-extraction from the as-synthesized mesoporous organosilica.
Influence of the synthesis parameters
In sol-gel multiphase synthesis systems, due to the complexity of the reaction process, changes of any synthesis parameter can result in the formation of new mesophase structures. In general, type, structure and concentration of surfactant, pH value of the reaction system, counterions, reaction temperature, co-solvent or organic additives often influence the structure of mesoporous materials. In fact, the formation of the final ordered periodic mesophase is a result of a synergistic interaction between the surfactant template and the organosilica component. Previous studies also emphasized this point [75] . Consequently, the following discussion puts emphasis on the various factors governing mesophase formation.
Effect of the surfactant
It is well-known that, in the process of mesoporous materials synthesis, type, chain length, and charge of the surfactant often effectively affect the mesophase structure. Huo et al. [76] have proposed that the structure of mesoporous silicas can be rationalized on the basis of the surfactant packing parameter g (= V / (a 0 l)), where V is the total volume of the surfactant chains plus any co-solvent organic molecule between the chains, a 0 is the effective hydrophilic headgroup area at the micelle interface, and l is the kinetic surfactant tail length or the curvature elastic energy. This value g is defined by two factors, namely charge matching at the interface headgroup-organosilica and packing of carbon chains. The former is controlled by the pH value, the co-solvent, and the counterions, while the latter is affected by the reaction temperature and the organic additives. In our reaction system, a remarkable effect of the surfactant is observed. Applying the same surfactant concentrations, it is only the use of the divalent surfactant C 16-3-1 instead of routine surfactant C 16 TABr as micellar template, which changes the mesophase from hexagonal p6mm to cubic Fm3m symmetry, i. e., materials 1 versus 5. For previously reported purely siliceous mesophases, investigations with divalent surfactants as SDAs under basic conditions often indicated the formation of a 3D [62, 63] . This result can be explained likewise with charge matching between the divalent surfactant molecules and the organosilica component and the type of divalent surfactant including carbon chain length and structure. We know that the hydrolyzed product of the bridged organosilica precursor BTEE displays a lower charge density than that of TEOS, and in order to maintain charge density balance at the interface, divalent cationic surfactants favor a high surface curvature meaning a larger value a 0 , and hence, a smaller value g. When organosilica condensation proceeds, the surface curvature will increase which is reflected by a mesophase transformation from hexagonal (p6mm) to cubic (Fm3m) symmetry. Our previous report also revealed a similar trend for C 18 TABr (low surface curvature) and C 18−3−1 (high surface curvature) as SDAs [78] . A simple model for the supramolecular templating of different mesophases with such surfactants is hypothesized in Scheme 1. In addition, the molar ratio of the binary surfactant mixture is also known to influence the packing structure of the micellar template and results in the formation of distinct mesophases. Correspondingly, high ratios of monocationic surfactant and divalent surfactant or when a monocationic surfactant is mixed with a small amount of divalent surfactant does not result in a mesophase transformation, that is, the prevailing surfactant will determine the packing structure, and hence, the final mesophase [78] .
Effect of the base concentration
Samples 9 and 10 obtained by using the same binary surfactant concentration, however, a different amount of NaOH indicated a distinct change of the mesophase structure. A relatively high base concentration (PMO 10) resulted in the formation of a hexagonal mesophase. This can be attributed to that NaOH influences the packing structure of the binary surfactant. Deprotonation of the multihydroxyl organosilica component is enhanced by a higher base concentration, and the higher overall negative charge will require additional cationic surfactants as a charge balance. Since the concentration of the surfactant is constant in the synthesis system, charge balance between the surfactant and the organosilica composite is kept only upon further condensation of the deprotonated organosilica species, thus forming a higher surface curvature. However, if the base concentration is increased continuously, the balance cannot be met, and the binary surfactant composite separates and reorganizes to form lower-surface curvatural packing structures. This latter scenario is documented by the formation of disorderd cubic or hexagonal mesophases in our binary surfactant system. The obtained materials often exhibit broad PXRD patterns such as material 10. Recent studies revealed that the change of base concentration in binary surfactant systems leads to mesophase transformations from primitive cubic Pm3n to face-centered cubic Fm3m, distorted cubic and finally MSU-type wormhole-like mesophases [79] . These findings can be also interpreted with charge-matching phenomena.
Co-solvent effect
Organic additives such as co-surfactants or expander molecules have been studied in detail with respect to the synthesis of mesoporous silicas and mesoporous organosilicas [34, 80, 81] . These organic components can effectively enlarge the pore size [34, 80 -82, 83] , control topology of material [84] , affect the micelle formation [85] , and promote phase transformations [86 -89] . In our system, mesophase transformation occurred in the presence of TMB (1,3,5-trimetylbenzene = mesitylene) as an expander molecule. Materials 11 and 12 were obtained by the procedure used for material 9, with the addition of different molar amounts of TMB as the only alteration. The obtained materials 11 and 12 exhibit a hexagonal mesophase, which was confirmed by powder X-ray diffractions, as shown in Fig. 10 (left) . Three well-resolved peaks indexed as (100), (110), and (200) reflections are observed, indicative of a typical hexagonal p6mm symmetry. TEM analysis corroborated highly ordered hexagonal mesopore arrays of material 11 (Fig. 11) . N 2 gas physisorption isotherms of materials 11 and 12 (Fig. 10, right) revealed a decreased BET surface area and a pore volume comparable with those of Fig. 13 . Scanning electron micrographs for materials 6 (A), 7 (B), 9 (C), and 11 (D). material 9. With increase of the amount of TMB, the BET surface area and pore volume increased while the pore size enlarged slightly. These findings demonstrate that the organic molecule TMB can be assigned a dual role as a co-solvent as well as an expander molecule. We suggest that a small amount of TMB is distributed uniformly between the surfactant molecules, thus decreasing the surfactant curvature, which results in the formation of a hexagonal mesophase. When larger amounts of TMB are added, parts of the TMB molecules are dispersed into the binary surfactant micelle as fillers thereby changing the surface curvature, while others act as expanders causing the binary surfactant-composite micelle to reconstruct and to form a rod-shaped micelle with a TMB core. Then, the organosilica composite has to reorganize around the rod-shaped micelle for reasons of charge balance, forming a hexagonal mesophase. As another result, the pore diameter of the obtained material gets enlarged. These findings are in accordance with previous reports on the use of different binary surfactants as templates. There, we have shown that addition of TMB to a cubic PMO synthesis system caused mesophase transformation from cubic Pm3n to hexagonal p6mm symmetry [78] .
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) images revealed that different synthesis conditions result in distinct morphologies of the PMO materials (Figs. 12 -13 ). The face-centered cubic PMO material 1 obtained by using the divalent surfactant as a template consists of pyramid-like, broken hollow spheres accompanied by small spherical aggregations (Figs. 12A  and B) . PMO 2 is composed of irregular bulk particles (Fig. 12C) . When monocationic surfactant C 16 TABr was used as a structure-directing agent, the obtained materials 5 -7 with hexagonal symmetry display barklike (Fig. 12D) , ellipsoid-like aggregations (Fig. 13A) , and spherical or tabular shapes (Fig. 13B) , respectively. A mixture of divalent C 16-3-1 and C 16 TABr produced mesophase 8, which contains discoidal or lamellar particles (not shown). The cubic Pm3n PMO 9 features uniformly sized spherical morphologies with coarse external surfaces (Fig. 13C) , while the hexagonal PMO 11 consists of rope-like aggregations (Fig. 13D) .
Conclusion
Highly ordered periodic mesoporous organosilica materials with hexagonal or cubic structure can be fabricated by carefully controlling the synthesis parameters. Particularly, variation of the surfactant type is a viable strategy to accomplish mesophase transformations in basic media. Accordingly, face-centered cubic Fm3m mesoporous organosilicas were obtained by using divalent surfactant C 16-3-1 or equimolar mixtures of divalent C 16-3-1 and C 16 TABr. Cubic PMOs with Pm3n symmetry result from special mixtures of divalent surfactant C 16-3-1 and C 16 TABr. Hexagonal PMOs with p6mm symmetry generally formed in the presence of a single-component monocationic surfactant, however, also from binary surfactant mixtures after addition of the expander molecule TMB. Furthermore, the molar ratio of NaOH and H 2 O, the molar ratio of binary surfactant mixtures, and the addition of a cosolvent markedly influence the structure and physical properties of the PMO mesophases. For example, under otherwise identical synthesis conditions, a decrease of the NaOH concentration implied a mesophase transformation from p6mm to Pm3n symmetry. These studies clearly demonstrate that the formation of different mesophases depends mainly on the surfactant packing structure. (C 16-3-1 ) , was synthesized by reaction of hexadecyldimethylamine with (3-bromopropyl)trimethylammonium bromide.
Experimental Section
Synthesis of PMOs 1 -7 using divalent surfactants C 16-3-1 or C 16 TABr as SDAs A typical synthesis is as follows (material 1): A mixture of C 16-3-1 (2.42 g, 4.56 mmol) and NaOH (0.46 g, 11.5 mmol) in warm deionized water (30.27 g, 1.682 mol) was stirred at ambient temperature to form a clear solution. BTEE (1.83 g, 5.01 mmol) was added under vigorous stirring, and the stirring was continued for 24 h at ambient temperature to give a homogeneous solution. Heating this solution to 95 • C for 6 h brought about a white precipitation. Finally, the suspension was transferred into a polypropylene bottle to age at 95 • C for 24 h. The final molar composition of the gel was 1 BTEE : 0.91 C 16-3-1 : 2.28 NaOH : 336 H 2 O. The resulting white precipitate was recovered by suction filtration before cooling without water washing, and dried in air. Synthesis of materials 2 -7 is similar to that of material 1. Detailed synthesis parameters are listed in Table 1 .
Synthesis of PMOs 8 -12 using mixtures of binary surfactants C 16-3-1 and C 16 TABr as SDAs
A typical synthesis is as follows (material 8): A mixture of C 16-3-1 (2.42 g, 4.56 mmol), C 16 TABr (1.66 g, 4.55 mmol), and NaOH (0.91 g, 22.75 mmol) in warm deionized water (60.55 g, 3.360 mol) was stirred at ambient temperature to form a clear solution. The BTEE (3.66 g, 10.01 mmol) was added under vigorous stirring conditions, and the stirring was continued for 24 h at ambient temperature to afford a homogeneous solution. Heating this solution to 95 • C for 6 h brought about a white precipitation. Finally, the suspension was aged at 95 • C for 24 h in a polypropylene bottle. The final molar composition of the gel was 1 BTEE : 0.455 C 16-3-1 : 0.455 C 16 TABr : 2.28 NaOH : 336 H 2 O. The resulting white product was recovered by suction filtration before cooling, and dried at ambient temperature. Samples 9 and 10 were prepared by using the same method, only changing the molar ratio of the binary surfactant mixture, or the base concentration. For the synthesis of mesoporous organosilicas 11 and 12, mesitylene as an expander molecule was added to the reaction mixture under stirring after the binary surfactant had completely dissolved in warm deionized water. Upon formation of a clear solution, BTEE as the organosilica precursor was added to the surfactant solution, and the procedure continued as described above (Table 1) .
Surfactant removal
For all of the materials, the surfactant was removed by two steps. A typical extraction process was as follows. Ca. 1.0 g of a mesoporous organosilica material was stirred in ethanol (250 mL) and hydrochloric acidic (37 %, 5 g) solution at 50 ∼ 60 • C for 6 h, the precipitate was separated by suction filtration and dried in air. Then the retained surfactant was further extracted in hydrochloride-acidified ethanol solution for 24 h by using a Soxhlet apparatus.
Characterization
The powder X-ray diffraction (PXRD) patterns of PMOs were collected on a Philips X'pert PRO diffractometer using monochromatic CuK α (λ = 1.5418Å) radiation. The diffractograms were recorded in the 2θ range of 0.50 -9.99 • in the step/scan mode (step width: 0.0086, accumulation time: 54.61 s step −1 ). Transmission electron micrographs (TEM) were obtained using a Jeol JEM2100 instrument operated at 160 kV. A representative sample was dispersed in ethanol (99.9 %) using the ultrasonic method and loaded onto a copper micro grid. Scanning electron microscopy (SEM) images were recorded on a Jeol JSM-5900LV microscope operated at an accelerating voltage of 10 -20 kV. SEM images reported here are representative of the corresponding material. FT-IR spectra of dehydrated organosilicas were recorded on a Perkin Elmer FT-IR spectrometer 1760X using Nujol mulls sandwiched between CsI plates. 13 C and 29 Si MAS NMR spectra were obtained at ambient temperature on a Bruker AV300 instrument in a magnetic field of 7.04 T by using 4 mm ( 13 C) and 7 mm ( 29 Si) standard MAS probes. The 13 C spectra were recorded using cross polarization and proton decoupling and referenced to adamantane (δ 13 C: 28.46 and 37.85 ppm). The 29 Si NMR spectra referenced to Si[Si(CH 3 ) 3 ] 4 (δ 29 Si: −9.8 ppm) were obtained by the application of single-pulse excitation with highpower proton decoupling at a spinning speed of 7 kHz. Nitrogen gas adsorption/desorption isotherms were measured at 77.4 K on an ASAP 2020 volumetric adsorption apparatus (Micromeritics) for relative pressures from 10 −2 to 0.99 [a m (N 2 , 77 K) = 0.162 nm 2 ]. Prior to analysis the samples were degassed in the degas port of the adsorption analyzer at 523 K in vacuo for at least 4 h. The BET specific surface area was obtained from the nitrogen adsorption branch of the isotherm in the relative pressure range from 0.04 to 0.2 [90, 91] . The pore size distributions were calculated from the adsorption branches using the BJH method [92] .
